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ABSTRACT Ab in vitro selection procedure was used to 
develop a PNA enzyme that can fee made t© cleave almost any 
targeted RNA substrate under simulated physiological c<m- 
djtjous. The «n^yme is comprised of s catalytic dotnainc-f 15 
deoxy»uckotides $ flanked by two substrate-recognition do- 
mains of seveja to eight deoxynncleetldes each, The RNA 
substraieis bound through Wat^s-Crlck base |>airmg as d is 
cleaved at a particular pbospljodiester located between an 
nn paired purSias and a paired pyrSmldine residue* Respite its 
small slxe, the BNA enxyjne has a catalytic efficiency {&ca*/&®> 
of M^mixt" 1 under mnMpU turnover conditions, ex- 
ceeding that of aiiy other k»owK s«c!eic acid mz$m&* Its 
activity is dependent on the presence of M§** lm< By changing 
t&e sequence of the substrate-recogsitioa domains, iiie I>NA 
enzyme can t*e made to target different RNA substrates. Is 
this study* tor example, It was directed to cleave s^ilsetic 
HNAs corresponding to tbe start eodos region of HSV~i 
gag/poly snvj *pr ? &s* ? and jbRNAs* 

DNA has long bees regarded as a passive molecule, ideally 
suited for canning genetic inform ation but structurally mo- 
notonous and therefore functionally Impoverished. After tbe 
discovery of eatalyuc RNA (1, 2), it became clear tbat nucleic 
add molecules of a particular sequence and 3-dimerrsionaI 
structure are able to carry out specific chemical reactions, 
often with an efficiency comparable to that of protein enzymes 
(3), In recent years, the first examples of UNA enxyxnes have 
appeared, each having been obtained by in vitro selection 
methodology (4-7) v Although it is remarkable that DNA can 
have catalytic activity* all of the DNA enzymes generated to 
date have Bttle utility la a biological context This is in contrast 
to some of the naturally occurring enzymes, such as the 
5< hamme?bead* f and -'ijairpis" ribozymes, which have been 
used to cleave and thereby inactivate target viral and messen- 
ger RNAs (reviewed in re£ 8% 

We sought to develop a DNA enzyme that could be made 
to cleave almost any RNA substrate, efficiently and specifically 
under physiological conditions. Such a molecule could be used 
to inactivate a target RNA, probe a structured RNA, or assist 
in the manipulation of recombinant RNA. Compared with 
synthetic RNA enzymes, DNA enzymes are easier to prepare 
and less sensitive to chemical and enzymatic degradation. Jin a 
previous study ? DNA was shown to catalyze the Mg 2 ^- 
dependent cleavage of an RNA phosphoester embedded 
within an otherwise aii-BNA substrate (6), Although that 
DNA enzyme was unable to cleave an all-RNA substrate, its 
properties sugges ted that a DNA emtyme with general purpose 
RNA cleavage activity might be attainable. 

Using invtim selection, we earned out an extensive search 
of DNA sequences, seeking molecules that best met the 
following criteria: (£) ability to cleave RNA with ^mMple 
turnover under simulated physiological conditions (e.g., 2mM 
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MgCfe/150 mM KCI, pH 1S,3TC); (ii) ability to recognize the 
RNA substrate through Watson-Crick base pairing; (w) gen- 
eralkabillty toother RNA substrates by changing the sequence 
of the substrate-recogxiit3on domain(s); (fv) eat aly tic efficiency 
meeting or exceeding that of comparable RNA eB2ymes ; and 
(v) total composition of no more than 50 deoxynucleotide 
subunits (and preferably fewer). We obtained a variety of 
candidate DNA enzymes. These were examined indiviai&aily, 
and the two most promising molecules were optimized using a 
combination of in vitro selection and enzyme engineering 
procedures, lliis resulted in a DNA enzyme comprised of «*30 
deoxynucleo tides that met all of the above criteria. 

MATERIAL AND METHODS 
In Vuro SelectloB. An initial library was generated by template- 
directed extension of 50 pmol of 5-biotin-d(GOAAAAA}r- 
(GUAACUAOAGAU)d(GGAAGAGATGGCGAC)«3' on 
100 pmoi of 5 * -GTGCC^A AGCTT ACCG-N50-GTGGC- 
CATOTCTFCC^ (N - G> A. T, or C) in a 50^ reaction 
mkture containing 10 units-iii"* Superscript II reverse transenp- 
tase {GfBCO./BRL),3 mM MgGl^, 75 mM :K€h 50 mM Trk-rlO 
(pH 8.3), and 0.2 mM of each dNT?. A trace amoi3nt of 
i^^F-Iabeled prnner was included in the reaction mixture to 
zUm* extension efficiency to be monitored All components 
except reverse transer^>tase were combine^ incubated at 65 ct G 
for 5 min^ and then cooled to 45°G over 10 nain. Reverse 
transcriptase was added, and the mixture was incubated at 45°C 
for 45 min, then quenched by addition of Na 2 EDTA. NaCl was 
added to a final concentration of I M y and the e^nskfn prodiiets 
were immobilized by ref>eated passing throxigh four sUeptavidsn 
affinit>' cohsmns (C^enosys, The Woodlands, IX). The colxmms 
were washed with five 100-^1 volumes of wash buffer (1 M 
NaO/0.1 mM Na 2 EDTA/50mM Trls>HCi, p& lS) followed by 
frve 100^1 volumes of 0.1 N NaOH and five lOO-ni volumes of 
wash buffer at 37°C and men eluted at 37°C over 1 h with three 
21)-ui aliquots of reaction buffer (10 mM MgGla/1 M NaO/50 
mM Txis^HO, pH 7,5), Eluted molecules were recovered and 
ampufied by PGR (6) usin^ the primers 5 r 4notm-GGAA- 
GAGATGGCGAO-3' and 5 '«GTGGGAAGCrFAG€G-3^ The 
FOR products were immobilized on streptavidin columns, as 
above, which were washed with fsve volumes of wash buffer 
and eluted with 40 pi of 0,1 N NaOH to obtain the nonbsotin- 
ylated strand. The isolated DNAs were ethanol prec^itated and 
used as templates in a primer extension reaction to begin tfje next 
round of selection. Rounds 2-10 were carried out as above 5 except 
that the reaction scale was reduced 5-fold during the extension 
step and 24old during PGR. 

feandnmization and ReseleetloB.Tlie re-elections based on 
the 8-1? and 10-23 molecules involved six different lineages for 
each motif. Each lineage entailed 5-2! rouuds of in vitro 
selection, differing with respect to the selection protocol and 
reaction times. All cleavage reactions were carried out in 2 mM 
MgGfe, 150 mM NaCS, and 50 mM Tris^HO (pH 7.5) at 3TG- 
Reaction times varied from 60 min in early rounds to 1 min in 

*To wta xepnnt requests should be addressed, e-mail: gjoyc€@ 
scripps.ed«. 
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Safcer rounds. Each starting poo! of templates was based on a 
sequence complementary to the prototype, with fixed binding 
arms of 7 nt each and a catalytic core ratidoraized to 25% 
degeneracy at each nucleotide position. For the 8-17 and 10-23 
motifs, the templates had the sequence S'^gtgecaagc- 
tt ae ega gtaa ciTCGTCCCsGC TC GG R a galggg teg- 
tctgtccttccATCrCTAOrrACO'TTT03 r and SSgttgccaa- 
get t accgg gaaaaa yCGFTG^M GCTA GCCtaactaggtc %tctgt - 
ccttccATCTCTAOTTAGTTTTTC-S', respectively (P€R 
primer .sites in lower case; substrate-binding arms nnderoned; 
randomized positions italicized)* The primer used in the 
template-directed extensions had the sequence 5*4>iatht~ 
r{GGAAAAAAGUAACUAGAGASJGG)d(AAGAGATG- 
G€GAC)-3'\ The FCR primers for the S-.t7-based selections 
were 5 ' -GTGCGAAGCTTAGCGAGTA ACT-3' and 5*- 
d(GGAAGGA€AGACGACeA€ATG)rU and for the .10*23- 
based selections were 5'~GTGGCAAGGTTACC0G- 
GAA.MA-3' and 5 7 -d{GGAAGGACAGACGACCirTAGT- 
T)rA The PCR primers encompassed the binding arms, thus 
fixing these sequences. One of the PCR primers in each set 
con tamed a 3'-tertnmal ribonucleotide, allowing isolation of 
the template strand from the doubie-stranded FCR products 
by alkaline hydrolysis of the nontemplate strand (9) and 
subsequent purification by PAGE- A gel-based selection 
scheme was used in some of the lineages, In those cases, the 
FCR primers were 5^biotin-GTCCCAAGCTTACCG-3' and 
5^GAAAAj^GIV%ACFAGAGATGGAAGGACAGACGA- 
C03 V and the extension reactions were carried out on the 
soM^tspport tt$^ 

GAGAUGGAAG)^ 7 . A trace amount of £«~ S2 F]-dATP was 
i ncluded in t&o mixture to label the extension products* which 
were eiuted with alkali, purified by denaturing polyaerySatnide 
gel purification^ and recovered by electrocution. The mole- 
cules then were reacted, and those that underwent cleavage 
were isolated by gel electrophoresis. 

SspaxaSJom of €aia&st asd Suhstmte. After the 8th and 10th 
rounds of the initial selection, individual moleenies were cloned 
and sequenced^ described (JO), The l?th clone from round 8 
(8-17) anci 23rd clone from round 10 (10-23) had the sequence 
5'-cacggttcgaAa tggcGTTATG CATC AC ACTA « 
lTTTTCATTGAAOCAGGCCGAGCCTTC:CAC<ri'lX:- 
oagcggtagAagaagg-3' and S'-caeggticgaatggcATGTTAA- 
GT T C'GTC CCY TIT TA G-OA A CAT CO ATCGG- 
ATTOGTTTCCX^gc^tagagaagg-3^ respectively (primer sites 
in lower case; substrate-binding arms underlined). For the inter- 
molecular reaction, synthetic ohgodeoxynncleotides were pre- 
pared based on the cloned sequefsces foul lackmg the regbns 
outside of the substrate-brnding arms. These were used to cleave 
an ail-RNA substrate having she same sequence as the primer 
used to construct the initial Ubrary (see above). Subsequently, the 
substrate-binding arms of the DNA en^ne were reduced to 7 nt 
each and made perfectly complementary to the RMA substrate. 

Analysis of Cleavage Frodssetsu RNA substrate- prepared by 
in vim? transcription in the presence of {Gt- 32 P]-ATF r was 
cleaved by the corresponding DNA enzyme to generate two 
labeled products of the correct size, as judged by their else* 
trophoreiic mobility in comparison to standards that were 
prepared by partial alkaline hydrolysis of a 5 f - 32 ?~labeled 
s:obstrate> The 5' cleavage product could not be extended with 
[tf-^Fj-dATF and terminal deoxynucleotidyl transferase, con- 
sistent with the presence of a 2', 3', or 2 r ,3 -cyclic phosphate, 
The 3' cleavage product was readily phosphorylated with 
[y- 32 P]~ATP andT4 polynucleotide kinase, consistent with the 
presence of a free 5- hydroxy!, 

Klxsetic Analysis* AH reported kinetic values were determined 
in multiple turnover reactions, t>pica% exhibiting <20% varia- 
tion for identical experiments performed on different days. 
Kinetic values obtained in single and multiple turnover expert 
ments were similar; values obtained with synthetic RNA sub- 
strates were slightly less favorable than those obtained with in 



-transcribed substrates. Reported k CSA and K m values were 
determined from they intercept and negative slope, respectively^ 
of the best-fit hue to a modified Badis-Hoistee plot of vs. 
febs/[S]. Each plot consisted of 10 data points for a range of [Si 
that, spanned with [S] m SrlO-fokl excess over [E]. fc^ values 
were typically based on five data points obtained over the fjrst 
10% of the reaction. Substrate and enzyme molecules were 
preinenbated separately for .10 mm in reaction buffer, then 
combined to initiate the reaction. All reactions were carried out 
In the presence of 0-01% SDS to prevent adherence of tnateriaS 
to tlie vessel walls; The pH was maintained by addition of 50 mM 
4-(2-hydrox> 7 ethyi)-piperazine-l-propanesulfonic acid. Kinetic 
values did not depend on the identity of tlie buf fer. Reaction 
products were separated by electrophoresis in a denaturing 20% 
polyacrylamide gel and were quantitated xismg a Fhosphorfmager 
(Molecular 33yuaxnics), 

In Sel&etiom, A search of random DNA sequences was 
undertaken, beginning with a library of 10 u different nucleic 
acid molecules^ Each molecule contained a 5' biotin moiety, 
followed (in a 5 f 3' direction) by a short oligodeoxynucle ~ 
otide spacer, 12 targst ribonucleotides, and 50 random de~ 
oxynueleotides surrounded by feed-sequence deoxynucleo- 
tides (Fig. 1, Inset). These molecules were applied to a sirept- 
avidia-eoated solid support and eiuted with a solution con- 
taming 10 mM MgOs at pH 7,S and This resulted m 
cleavage of an RNA phosphoester within a smaE fraction of the 
bound molecules, releasing the 3' cleavage product into the 
eiuate. The released material was recovered and amplified by 
PCR, using the fixed regions surrounding the random region 
as sites for primer hybridkation. From the FCR prodtscts, a 
"progeny" population was constructed, restoring the 5' biotin, 
deoxynucleotide spacer^ and ejnl>ed<ied target ribonucleoti- 
des. This selective amplification procedure was repeated^ 
progressively enriching the population with DNA sequences 
that best promoted the cleavage of an RNA phosphoester. 

Dnriug the conrse of 10 rounds of selective amplication, 
two sites within the target domain emerged as the most 
favorable for cleavage, one dominating during rounds 6-& and 
the other dominating during rounds 9 and 10 (Fig. 1). We 




Bound 



F5G. I. In vitro selection of RNA-c! saving DNAs, A library of 10 3 4 
efe«s3eric rnolecules was constructed (Insei) y each eontainmg a 5* biotm 
(encircled B), 12 target riboaneleoCides (sequence shown), and 50 
randosn sequetice deoxya jjcleotides Ten rosmds of selective 

ampMOcatfca yielded molecules that underwent pho&phoester cleavage 
after either the &tM (dark arrow) or seventh (light arrow) target 
ubonucleotide, SelfH:leavage acirvtty was measured for eaefe successive 
pop^latioa. Dark and light bars correspond to cleavage at positions 
Indicated by the dark and light arrows* respectively. Reaction condi- 
tions: 1 bM S^ 32 P-!at>eled precm^or, lOrnM MgCh y and 1 M NaCI (pH 
7.5) ai 37°C for 2 h. 
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FIG, 2. Composition of the 847 and 10-23 catalytic motifs. The DNA eirayme (bottom strand) binds the RNA substrate (top strand) through 
Watson-Click pairing. Cleavage occurs at the position indicated hy the arrow, R A or G: Y ~ U or G. 



cloned individual molecules from the population alter the Stb 
and iOife rounds, ExaminatioB of a total of 62 cloned sequences 
revealed a variety of cat alytic motifs, each of which promoted 
cleavage at one of the two favored sites within the ribonucle- 
otide region. We sur veyed the biochemical properties of many 
of these molecules and chose two for furthe r analysis based on 
their catalytic activity and propensity to be generalized to 
other target sequences. Most of the selected motifs did not 
exhibit obvious Watson~€rick pairing between the catalytic 
a«d substrate domains. Motifs 8-17 and 10 -23 ; however, had 
extensive complementarity to target nucleotides located both 
upstream and downstrearri of iJhe cleavage s&e, 

Refiaemeat of Catalytic Motifs. TThe 8-17 and 10-23 tsoiifs 
were recast in m intermolecuiiir cieavage form at by separating 
the DMA catalytic domain from the RNA substrate (Fig- 2). 
Both catalysts directed the site-specific cleavage of the RNA 
substrate in a reaction that proceeded with multiple turnover 
under simulated physiological conditions (2 mM MgGfe/150 
mM KCl, pH l^ ^Cyk^t ** QM mm"*}. Cleavage occurred 
after an unpaired purine nucleotide of the substrate that was 
flanked by oligonucleotides complementary to the enzyme. 
The 5' and 3* cleavage products bore a 2*(3 ') phosphate and 
5 y hydroxy!, respectively (see Materials mid Methods). The 
same termini are produced by several other RNA and DNA 
enzymes that cleave an RNA phosphoesler (4, 6, Xl-i3)» 
indicative of a reaction mechanism involving attack by a T 
hydroxy! on an adjacent phosphate. 

For both the 8-17 and 10-23 enzymes, the sequence of the 
substrate could be changed without loss of eatafytic activity as 
long as the substrate-binding arms of the enzyme ^were changed 
in a complementary maimer. The S-i 7 enzyme had a special 
requirement for a rG-dT ' < wobhle >? pair legated immediately 
downstream from the cleavage site. Substitution of a Watson- 
Crick pair at this position eliminated catalytic activity. The 
substr ate-binding arms of the 10-23 enzyme interacted with the 
substrate entirety through standard Watson-Crick pairing. The 
catalytic core of the 8-17 and 10-23 enzymes, located between 
the two substrate-binding arms, contained 13 and 15 de- 
oxynueleotides. respectively. 

To define more precisely the sequence requixements of the 
catalytic core* we generated a library of 10 w variants of each 
motif, tstrod^ frequency of -25% per 

nucleotide position throughout the core. Each library was sub- 
jected to skx different in vitro selection protocols, involving a total 
of 52 rounds of selective amplification- The method and strin- 
gency of selection were, varied to conduct a thorough examination 
of sequences related to the two prototype molecules (see Mate- 
rials and Methods). Individuals from the selected populations 
were cloned, sequenced, and tested tor catalytic activity. 

In the case of the 8-17 enzyme, sequence variation among 
the cloned individuals suggested that the catalytic core con- 



sisted of a short internal stem-loop followed by an unpaired 
region of 4-5 ut (Fig. 2). The stem always contained 3 bp, at 
least 2 of which were G-C. The loop was invariant, having the 
sequence 5'~AGC-3'. Synthetic constructs in which the stem 
was lengthened or tie sequence of the loop was altered did not 




Fio. 3. Catalytic activity of the 10-23 X>NA enzyme under multiple 
turnover condidons. ^) Initiai vetedtiss were measured over the first 
10% of the reaction, using a fixed concentration of enzyrne (0^004 nM) 
and varying corjeentrations of substrate (0.02-4 nig). The 17-mer 
RNA substrate* corresponding to fee start codon region of HIV- 1 
gagfp&l jnRNA, was prepared by in vitro Uanscriptiori. Reaction 
conditions; 2 mM Mg€I 2 and 15G mM NaO (pB 7.5) at 37°C Data 
from two independent experiments are shown and were fU to ihe 
Michaeiis-Menten equation; v [E]/(^ 4* {$}). (B) Catalytic 

rates were determined in the presence of s&Usrating substrate (100 nSvf) 
and varying concentrations of MgCl 2 {2-300 mM). Reaction condi- 
tions were otherwise as above. Data fxom two independent experi- 
ments are shown and were fit to the Michaehs-Menten equation to 
obtain the apparent K m for Mg 2 *. 
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Fig. 4. DNAn^t&lyzed cleavage qif RNA under laboratory coadf- 
liofis. 5*~ 32 P-iabekd KNA substrate (S), saving the sequence 5 - 
OOAOAGAOA^GGOUGCG-^'j vs?ss decayed by the rasresrxnxSiag 
10-2$ DNA enzyme to generate a slnj^e-Iabeled product {PV Reaction 
conditions; 1 fsM substrata, tOnM enzyme, and 50 mM MgO^ (pH 
at 37'Q sampled at 0, 1, 2, 5 f 10, and 20 sun. Reaction prpdscts were 
separated by *lec£rx?pnoresis in a denaturing 20% polyaer^amide. gel^ an 
autoraclsograni of which is shown. The ladder at the right was produced 
hy parJis] a&alme hyckeSysis of the substrate; at short oHgDnueleotfcte 
lengths, products terminated by a 2 J or 3 y phosphate have slight^ faster 
mobility compared with those with a 2\3^cj«ilc phosphate. 

exhibit catalytic activity. The unpaired region, connecting the 
3- half of the stem to the downstream suhstrate-binding 
domain, had the sequence S'~W€GR-3' or 5'~WCGAA-3' 
(W — A or T; R A or G). Variants having the sequence 
5'~TCGAA-3' is this region exhibited the highest level of 
catalytic activity, but this enhancement relative to the S-17 
enzyme was not generaiizable to other substrate sequences. 

The 20-23 enzyme was almost completely intolerant of 
variation. The eights nucleotide position of the catalytic core 
was found to occur as either T„ C, or A although a T at this 
position (as In the prototype) provided the highest level of 
activity. A survey of several different combinations of RHA 



siibstrate and eoiTesrxmdmg DNA enzyme revealed that the 
10-23 motif was highly generauzable with respect to substrate 
sequence. Cleavage occurred on the 3 ' side of a single unpaired 
nucleotide, preferably a purine, thai was followed by a pyrin* ~ 
idine. Target sites surrounded by A and U were cleaved most 
efficiently, with a catalytic rate of **GJ min^ 1 under simulated 
physiological conditions. 

A|jpiicatiosi to HIY4 Targets, A DNA enzyme that cleaves 
UNA at an A-U site could, in principle, be used to target any 
mKMA start codos {A'UG> As a test case, we prepared both 
synthetic and m vi^-transcribed versions oi' a IT-rner RNA 
corresponding to the translation initiation region of HI'V-1 
gag/pol rnRNA (S^GGAGAGAGA^UGGGUGCG^O; Both 
versions of the substrate were cleaved at the expected position by 
the corresponding 10-23 DNA ensynje in a reaction that pro- 
ceeded with a k^ t of 0.15 min~^ and K m of 0.47 nM under 
sirnalatedpirysiolo^ioa) conditions (catalytic efficiency. k&t/K m ~ 
32 X 20 s M"" l *SMa _1 ) (Fig, 3.4). Hie catalytic rate increased with 
increasing MgCi2 concentration, with an apparent K m for Mg 2+ 
of 180 niM at pH 7,5 and 37*C (Fig. SB). The cata&ttc rate 
increased in a roughly fog-linear fashion with increasing pH over 
the range 7,0-85 (data not shown), consistent with a reaction 
mechanism involving deprotonation of the 2' hydroxy! that lies 
adjacent to the cleaved phosphoester. In the presence of SO wM 
MgCi 2 at pH Si) and 37°C< conditions that might be used in the 
laboratory manipulation of RNA, kg* was 3.4 mm^ and was 
0.76 nM (Fig. 4> The catalytic ef ndeney of the 10-23 DNA 
enzyme, under both physiological and laboratory conditions, 
compares favorably with that of known RNA-cfeaving RNA 
enzymes (14, 15). Compared with the protein enzyme riboms- 
clease A (16% the DNA enzyme has «»I0*~faid lower kan but 
«40 5 ~foid more favorable K m (Table I), 

The 10-23 enzyme can be used to cleave a variety of 
biologically relevant As, We prepared synthetic RNA 
substrates corresponding to 15-17 at surrounding the transla- 
tion initiation site of HXV-2 gag/poly em> ypr, mt, and nef 
xnRNA. Each was cleaved at the expected position by a 
synthetic DHA enzyme that contained the 10-23 catalytic core 
flanked by substrate^bmding arms of 7 or 8 tit each (Table 2), 
In all cases, the catalytic rate was ^0.1 xnin"* under simulated 
physiological conditions. The value for however, varied 
with the nucleotide composition of the substrate. For the 
gnanosine-rich gag/pol substrate, J£ m was <1 sM when either 
the % or S-nt substrate-binding arms were used. The em and 
vpr substs^ates were cleaved with a much less favorable when 
the 7-nt binding arms were used, but K m improved substantially 
when the arms were increased to 8 nt each. Previous experi- 
ence with RNA-cleaving RNA enzymes suggests that the 
optimal arm length will vary depending on the target sequence 
and reaction conditions (1$-2Q% 

WSCIJSSION 
It is remarkable that a 15-mer oligodeoxyntickotide can specify 
the catalytic core of a general purpose RNA-cleaving DNA 



Table X. Cata^tic activity c 


* various RNA^te&vmg enzymes 














Enzyme 




&*i > M 


M^-nun" 1 


Ribonuctcase A* 








UpA substrate 


SA X l& 


6.2 K 10-* 


1A X Kr 5 


Poly(C) substrate 


Xt X 10 4 


3,4 X t0^ 5 


9,0 X 10 s 




2.1 X10° 


18 x m-z 


7.5 X W 


Hammerhead ribozyme^ 


14X 1.9* 


4,9 X 10-* 


2.9 X 10? 


10-23 DNA e nzyme § 


3.4 X K>° 


7.6 x 10 


4.5 X 1G 5 



*From ref. 16; 100 mU KaO (pH 6.0), 25°C 

t&xxm ret 14; 10 mM MgClj and 2 ttiM spermidine (pH 7.5). 3TC 

*Frora ref. 15; 10 nsM MgQ 2 (pH 7.5), 25°C. 

§50 mM MgC 2 (pH &0>, 37°Q ^ - 0.49 min" 1 m 10 bjM MgC 2 (pH 7.5), 3TQ < 1 nM in 2-50 
mM Mga 3 (pH 7.5), 37°C> 
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Table 2. SNA-catalyzed cleavage of H£V-1 mRNA substrates atider simulated physiological 



conditions 






r\l > Jul i&Hgtli 


^! mm 




gagfpol 


{ G )GA GAG AG A* UG G GUOCf O ) 


7 + 7 


0.1 


0.9 






8 i- 8 


01 


0,7 


env 


(C)AGUGGCAAUGAGAOU(G} 


7 + 7 


0,03 


900 






8 + S 


0.04 


9 


vpr 


(G)AGGAUAGA<UGGAAO\{A) 


7 + 7 


o.qs 


500 






8 -f $ 


0.1 


20 


tat 


C5CAAOAAA-IXK3AGCC 


7 * 7 


0,04 


300 


nef 


CUAOAAGA'IJGOGDOA 


7 * 7 


0,05 


900 



•luetic values were obtained under multiple tenoves- conditions, with synthetic RNA substrate in 
>10-fo*d excess over synthetic DNA enzyme. Reaction conditions: 2 mM MgCh and 150 inM NaO {pH 
7v5), 37°C Substrate seqts&nces correspond to 15 or 17 nr grounding various mRNA start eodons 
{underlines) of the BH10 clone of HIV-1 (17). 



enzyme. Might such a simple motif exist in natare, perhaps within 
the genome of a single-stranded DNA vims? A search of fee 
available sentience database did not reveal either the 8-17 at 
10-23 motif. Mbwever, the vast majority of sequences in the 
database are derived from double-stranded DNA, which Is not 
expected to have er&ymatic activity. Fnxthemiore, the 847 and 
10-23 motifs are but two of many motifs thai were isolated by our 
m vitro selection procedure and thus need not resemble those that 
occur In biological systems. 

The eatafytie efliciency 0:^0^} of the 10-23 enzyme is ^lO 9 
M^mhT" 1 , measured under either single or multiple turnover 
conditions. In the multiple turnover experiments^ initial rates 
were measured over the first 10% of the reaction, which involved 
up to 100 turnovers of the enzyme (Fig. Thus, the rate- 
'limiting step of the reaction h not the release of the cleavage 
products. With subsaturating RNA substrate, the rate-limiting 
step is binding. Use seeond-order rate constant of 10 9 Mifflin" 1 
is consistent with the rate of helix formation between two 
oHgontJcIeotides, estimated to be lOMtf* M " ^min" 1 (21-23) 

The Km of the 10-23 enzyme is remarkably sensitive to the 
length and composition of the substrate-binding amis (Table 
2). This can be rationalized by considering the thermod>'namie 
stability of the relevant RNA-DNA heterodnpiexes. Assuming 
that the bulged adenosine of the substrate and the catalytic 
core of the enzyme have a constant effect on the stability of 
the flaaldiig duplexes, the predicted stability (24) of the 
various ensyme-substrate complexes has the oxder: gag/pal S 
4- 8 > env 8 4- 8 arid gag/pol 1 + 7 > ypr 8 + 8 > envl 4- 7 
and vpr 7 + 7, This order mirrors that of the corresponding 
values for J^. The gag/pal enzyme with 7~nt binding arms is 
expected to bind the substrate very tightly and does not benefit 
when the arms are lengthened to 8 at each. On the other hand, 
the env and vpr enzymes with 7-nt arms bind the substrate 
much less tightly, allowing substantial improvement in K m 
when the arms are increased to 8 tit. Further lengthening of the 
binding arms might eventual be counterproductive because 
it would slow the rate of product release and thus reduce the 
catalytic rate under multiple turnover conditions. 

The 10-23 DNA enzyme can be made to cleave almost any 
target RNA that contains a puxine^yrimidine junction. Syn- 
thetic BNAs of the length, necessary to specify this motif are 
inexpensive and readily obtainable. We expect that the 10-23 
enzyme will have utility in the laboratory manipulation of RNA, 
acting as a s^quence-speciOc endoribonuclease. A more intrigu- 
ing possibility is that it could be used to inactivate target cellular 
RNAs, similar to ^antisexise** o%€Xtee^nue!eotides. Antisense 
compounds recogaize a target viral or mRNA throu^ Watson- 
Crick base pairing and rely on cellular ribonuciease H or other 
host factors to inactivate the target (25-28). An RNA-cleaving 
DNA enzyme, m contrast, is responsible for both target recog- 
nition and cleavage and operates with catalytic turnover. The 
10-23 enzyme has a catalytic rate of M3.1 min " 1 and K m < 1 oM 
under simulated physiological conditions. Given the opportunity 



to egress these properties, it may prove capable of playing an 
active role in cellular biochemistry 
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comments on the nnmwscdpt. This work was supported by the National 
Institutes of Health, the R. W, Johnson Pharmaceatical Research 
Instit ute , and the Corbia Foundation for Molecular Biology Research. 

1. Kruger » K., GrabowsJd, P. J,, Zaug, A. Sands, X , GottschIing ? 
D. E. & Cech, X R (1932) Ceil M< 147-157. 

2. G«errkx~Tafcada> C. Gardiner, R., Maji^h, T., Pace, H. Sc 
AUman, S. (1983) M9-857. 

3. Herschiag, D. & Cech^ T-'R- (1990) Biockzmisirv %% 10159- 
10171. 

4. Breaker. R. R, &. Joyce, 0. F, (1994) Chem, Biol % 225-229. 

5. Cuefioud, B, & Szostak, J. W. (1995) Nature (London) 3?5, 
611-614. 

6. Breaker, R. R. &. Joyce, O. F. (1995) Chem, BioL Z, 655-660. 

7. U, Y & Sen, JX (1996) Nat. Struct, BioL 3, 745-747. 

8. Cln-istoflersen, ?C E. ^ Mai*, J. J, (1995) j, Me^. C/w?r«. 
202^-2037, 

9. Walder, V., Hayes, J, JC & Waldei , J. A, (199$) Nucleic Acids 
Res. 21, 4339-4343. 

10. Tsang, i. & Joyce, Q. F. (1.9^4) Biwftgnttsft>: \33 a 5966-5973. 
II Dahm, C t Derriek, W.B. & Ohleabeck, Q. C* (1993) Si©- 
chemistry 32, 13040-13045, 

12. W« ? H.^N., Uk, Y.-J., On, F^MaJdno, S., Chang, M.-F & Lai, 
M. M. C (nmyProc. N&8,Aasd, ScL USA 86 t 1831-1S35. 

13. Chovvrira, B. M. & Burke f i. M. (1991) Biochemistry 30, S51S- 
S522. 

14. llampei, A, ^ Tnts, R. (1989) Biochem&Sry 4929-4933. 

15. Fedor, M. I & iJfciesibeek, 0, C (1992) Biochemistry 31, i^J42~ 
12054. 

16. delC^rciavre, S,B, & Raines, R.T. (1994) Bietfiemixlry X\ 
6031-6037. 

17. Ratjver, Haseltine, W., Fatarca, R. ? iivak, K. J., Starcich, B. ? 
Josephs, S« P., Doran, E-FL, Rafalski, J. A . t Whitehom, R A. 4 
Banmeiater, K., Ivaiic^f, L. } Fetteway Jr,, S. R>. Pearson. M. L. ? 
Iwauteaberger, 1, A., Fapas, S-> Ghxayeb, X, Chang, N> T., 
GaIlo y R. C ^ Wong-Slaal, F. (19&5) Natw? (London) 313, 
277-2M. 

18. Werner, M. & Ohlenbeck, O, C (1995) Nucleic Acids Res. 23, 
2092-2095. 

19. Hegg, L. A. & Fedor, M. X (1995) Bifx-hetrustry 34, 15S13-I5S2S. 

20. Hertet, K. J.. Hersdilag, XX & Uhienbeck, O. C {1996) EMBOJ, 
IS, 3751-3757. 

21. Porscnke, XX & FJgen, M. (1971) X Mol Biol. 62, 361-3S3. 

22. Craig, M, II, Oothers, D. VL & Dory, F. {1971>i. Mot Biol $l> 
3S3-401, 

23. Nelson, XW. & TincK^ 

24. S«g$moto, K„ Hakano, S., Katoh, Matsurnura, A,. Nakam«ta, 
H>. Obanchi, T., Yoaeyama, M. et Sasaki, M, (19^5 > hi&cketwstr? 
M 9 11211-11216. 

25. 2amecnik, P. C. & Stephenson, M. L. (1973) Prva NatL Acad. 
ScL USA 75 280 —2S4. 

26. Dash, P* Lotan, L, Knapp, M., Kandel, E. R. & Ooelet, F (19S7) 
Pmc NaiL Acad. Scl USA S4, 7896-7900. 

27. Agrawal, S, & Tang, J. (1992) ^ftte i5e& Dev, 2 ? 261-^j6« 
2S. Stein, C A <& Cheng, (1993) Sc«?n<:e 261, 1004-1012. 



SNSPOCJD: <XP.„. J00S844A...!„:> 



